Decoupling control of two-motor dual three-phase permanent-magnet synchronous motor (PMSM) 
Introduction
In electric ship propulsion system, more-electric aircraft drive system and locomotive traction system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , multiple motors are always required to operate independently under different working conditions. In general case, one motor works at low-speed/hightorque condition, while the other motor operates at high-speed/low-torque condition. Currently， there are mainly two types of multi-motor systems. The first one, each motor is independently drove by individual inverter sharing the same DC bus. In such a system all motors are permitted to have different rated parameters, speeds and torques. However using multiple inverters greatly increases the volume and cost of the drive system. The second one is multi-motor parallel-connected system with a single supply from a multiphase VSI. In order to control all motors in parallel independently, the same phasetransposition rules used in series system, are also adopted in parallel system. However, the parallel-connected system suffers some serious disadvantages compared with seriesconnected system [2] . First, the phase number of each motor in parallel system must be equal to the phase number of inverter, while in series system with a single VSI, motors with different phase number can be connected in series, for example, an asymmetric sixphase motor is connected with a two-phase motor. In addition, the most serious problem
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Theoretical Analysis of Series-Connected system
Stator windings of dual three-phase PMSM consist of two sets of three-phase windings, which are spatially shifted by 30 o electrical degree. The first set is abc, the second set is xyz, and the load is star-connected with isolated neutral point. The two-motor dual threephase PMSM series-connected system is illustrated in Figure 1 . It can be seen from Figure  1 that the phase transposition rules of two-motor dual three-phase PMSM seriesconnected system are as follows: a 1 -a 2 , x 1 -y 2 , b 1 -c 2 , y 1 -x 2 , c 1 -b 2 , z 1 -z 2 . Take current variables for example, the independent decoupling control theory of twomotor dual three-phase PMSM series-connected system is elaborated next. Assume that the inverter output phase currents are denoted by i A , i B , i C , i X , i Y , i Z . Each phase current contains two fundamental components with different amplitudes and frequencies, required by the two series-connected motors respectively. Where I m1 and I m2 represent phase-199 current fundamental RMS of motor1 and motor2 respectively, simultaneously ω 1 and ω 2 represent phase-current fundamental frequency of motor1 and motor2 respectively. 
After decoupling transformation, expression (1) is translated into expression (2). 
Where C 6s/2s denotes the decoupling transformation matrix given with the expression (3) and α=30
o . The first two rows represent current components in α-β plane; the middle two rows represent current components in x-y plane and the last two rows represent zerosequence components.
It can be seen from expression (2), different frequency and amplitude phase current fundamental components, required by individual motor, are mapped into two 2-D planes (α-β plane and x-y plane). In series-connected system, α-β current components are used to control motor1, while x-y current components are used to control motor2. Since α-β plane and x-y plane are orthogonal without mutual coupling, thus it is possible to control the two series-connected motors independently.
It must be noted that the above analysis is based on the fact that the phase voltage is pure sinusoidal. However, the inverter output voltage always contains some harmonics, which makes it hard to realize decoupling control of series-connected system. Thus it is necessary to study the influence of harmonics on series-connected system.
Harmonics Influence
According to coordinate transformation theory, the mathematical model of dual threephase PMSM in natural coordinates can be decoupled by decoupling transformation matrix and mapped into three orthogonal planes (α-β plane, x-y plane and o 1 -o 2 plane). The fundamental and harmonics of the order 6k±1 (k=2, 4, 6…) are mapped into α-β plane, which generate the rotating magnetic field and participate in electromechanical energy conversion. Harmonics of the order 6k±1 (k=1, 3, 5…) are mapped into x-y plane, which do not contribute to flux production and have no correlation with electromechanical energy conversion, and are commonly referred as generalized zerosequence components. While harmonics of the order 3k (k=1, 2, 3…) are mapped into o 1 -o 2 plane, which do not exist in star-connected multiphase system, and are commonly referred as zero-sequence components [17] [18] [19] [20] .
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For the two-motor dual three-phase PMSM series-connected system, since motor1 operates on the α-β plane, while the 6k±1 (k=1, 3, 5…) order harmonics of motor2 are mapped into α-β plane, which lead to flux production and cause torque ripple in motor1, thus motor1 can't operate stably. Similarly, since motor2 operates on the x-y plane, while the 6k±1 (k=1, 3, 5…) order harmonics of motor1 are mapped into x-y plane, which lead to flux production and cause torque ripple in motor2, thus motor2 can't operate stably.
In order to realize decoupling control of two dual three-phase PMSM series-connected system, it is important to ensure that the inverter output voltage only contains two kinds of fundamental components required by each motor.
Control Strategy of Series-Connected System
The two-motor dual three-phase PMSM series-connected system is depicted in Figure  2 In order to make inverter output phase voltage only contains two kinds of sinusoidal fundamental components with different frequencies and amplitudes, and after decoupling transformation of the inverter output phase voltage, and these two kinds of fundamental components could be mapped into α-β plane and x-y plane respectively. It is required that the modulator in α-β plane only generates α-β reference voltage vector, and makes x-y reference voltage vector be equal to zero simultaneously. Similarly, the modulator in x-y plane only generates x-y reference voltage vector, and makes the α-β reference voltage vector be equal to zero.
Since the traditional SVPWM technique only takes α-β reference voltage vector into consideration, and lacks control over the x-y reference voltage vector, thus 5 th and 7 th harmonics are generated in phase voltage, making it impossible to realize decoupling control of series-connected system. In fact, the reference voltage vector of the dual threephase PMSM is a 4-D vector, so four basic space voltage vectors at least are required to control it completely. Thus the following control strategy was adopted in this paper, as is showed in Figure 3 . Assume that the inverter switching period is T s . According to the volt-second balance theorem, in the first switching period, α-β reference voltage vector is synthesized by selecting a set of four basic space voltage vectors (two biggest and two second biggest basic space voltage vectors) in α-β plane. In the next switching period, the x-y reference voltage vector is synthesized by selecting a set of four basic space voltage vectors (two biggest and two second biggest basic space voltage vectors) in x-y plane. The selection of switching signals is depicted in Figure 3 . It indicates that this SVPWM method consists of two modulators (α-β modulator is used to control motor1, and x-y modulator is used to control motor2).
Six-phase VSI 
SVPWM Technique of Series Connected System
Distribution of Basic Space Voltage Vectors
The six-phase VSI is illustrated in Figure 4 . Phase voltages of motor are denoted by lowercase letters (a, b, c, x, y, z), while the inverter leg voltages are denoted by capital letters (A, B, C, X, Y, Z). The relationship between motor phase voltages and the inverter leg voltages can be described as expression (4). 
Synthesis of the Reference Voltage Vector
Take the second sector for example to detail the TBTSB-SVPWM strategy. The relationship between reference voltage vector and four basic space voltage vectors is showed in Figure 6 . where 1  , 2  , 3  , 4  represent four basic space voltage vectors in α-β plane respectively, and their corresponding projections in x-y plane can be denoted by ' 1  , ' 2  , ' 3  , ' 4  . Amplitude values of four basic space voltage vectors both in α-β plane and in x-y plane are given in Table I and Table II . Where k is the sector number, k=1, 2, 3…12, and the angle between the reference voltage vector and α axis is denoted by θ.
It can be seen from the Since the total application time of four basic space voltage vectors is less than the inverter switching period T s , thus it is necessary to make an adjustment to application times of four basic space voltage vectors when the total application time is more than T s . 
T = T ( T + T + T + T ) T = T ( T + T + T + T ) T = T ( T + T + T + T ) T = T ( T + T + T + T ) (12)
Consider the expression (13): 
Expression (14) indicates that the real amplitude of inverter output phase voltage is only 93.18% (the coefficient value of the equation on the right side) of the given reference voltage vector.
Modulation index m is defined as the ratio of the phase voltage fundamental peak value and one half of the DC bus voltage. For the two biggest vectors SVPWM strategy (traditional SVPWM strategy), linear modulation range can reach the inscribe cycle of dodecagon formed by twelve biggest basic space voltage vectors. Hence the maximum value of reference voltage vector is 0.622U dc , and the modulation index m of the two biggest vectors SVPWM strategy is 1.244, which means that the DC bus utilization is improved by 24.4%. While the modulation index m of the TBTSB-SVPWM strategy is only 93.18% of the modulation index of the two biggest vectors SVPWM strategy, so the modulation index m of the TBTSB-SVPWM strategy is 1.155, and the DC bus utilization is improved by 15.5%.
Similarly, the modulator in x-y plane also adopts the TBTSB-SVPWM strategy to produce x-y reference voltage vector required by motor2. The only difference, compared with α-β modulator, is that the x-y reference voltage vector is synthesized with four basic space voltage vectors, which consist two biggest and two second-biggest space voltage vectors in x-y plane.
Simulation Verification
In order to verify the feasibility of the proposed approach for decoupling control of the two-motor dual three-phase PMSM series-connected system, simulation experiments are performed in Matlab/Simulink. The DC bus voltage is given with 540V, and the switching frequency of inverter is 5KHz. The specific parameters of motor1 and motor2 are given in Table III . The simulation results of motor1 and motor2 under different speed/load conditions are illustrated from Figure 7 to Figure 10 . 
Figure 7. Simulation Waveforms of Speed and Electromagnetic Torque Under Variable-Speed Condition
It can be seen from Figure 7 that the initial given speeds of motor1 and motor2 are 500r/min and 200r/min respectively. At the time of 1.2s, the speed of motor2 increases from 200r/min to 400r/min, and the electromagnetic torque of motor2 appears a positive pulse, which makes motor2 accelerate until the actual speed equal to the given speed of 400r/min, and then the electromagnetic torque of motor2 comes back to zero. At the time of 2.2s, the speed of motor1 decreases from 500r/min to 300r/min, and the electromagnetic torque of motor1 appears a negative pulse, which makes motor1 Inverter output phase voltage is also analyzed on condition that motor1 and motor2 operate at the speed of 500r/min and 300r/min respectively. A-phase voltage of inverter is shown in Fig.9 . It contains two kinds of fundamental components required by each motor, so the waveforms of output phase voltage are no longer sinusoidal. However, after decoupling transformation, A-phase voltage is mapped into two 2-D planes, and the voltage waveforms of α-β plane and x-y plane are showed in Figure 10 .
It can be seen from Figure 10 , the period of voltage waveform in α-β plane is about 0.03s (33.3Hz), which corresponds to the speed of motor1 (500r/min). And the period of voltage waveform in x-y plane is about 0.05s (20Hz), which corresponds to the speed of motor2 (300r/min). Thus it was verified that motor1 was controlled by the α-β components, while motor2 was controlled by the x-y components. Since α-β plane and x-y plane is orthogonal, so the decoupling control of two-motor dual three-phase PMSM series-connected system can be realized through proper phase transformation.
Conclusion
From above analysis, when the speed/load of any motor changed, there is no impact on the speed/electromagnetic torque of the other motor in series-connected system. Thus, through proper phase transformation rules, the decoupling control of two-motor dual three-phase PMSM series-connected system can be realized, with a single supply from a six-phase VSI. Simultaneously, 5 th and 7 th harmonics are greatly eliminated by using the TBTSB-SVPWM technique adopted in this paper. The inverter output phase voltage only contains two kinds of voltage fundamental components required by each motor, making it possible to have the two motors operate at different conditions independently. Thus it is verified that this TBTSB-SVPWM strategy is suitable for the control of two-motor dual three-phase PMSM series-connected system. In addition, using the TBTSB-SVPWM strategy improves the DC bus voltage utilization by 15.5%, especially under the condition of limited DC bus voltage, and it can also meet the satisfaction. 
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